The seed moisture level marking the onset of imbibitional injury (breakpoint) was determined for two cultivars of Phaseolus vulgaris L. cvs 'Tendercrop' (TC) 
These results suggest that the breakpoint moisture level for imbibitional damage is a function of temperature while the injury process is similar at both 5 and 20°C. Imbibition and leakage rate maxima reflect transitions in the states of seed water. NMR data support the application of the Water Replacement Hypothesis to seeds. Thus, imbibitional injury may be related to specific, temperature dependent moisture levels that are determined by water binding characteristics in the seed tissue.
Orthodox seeds generally pass through a period of desiccation as the final stage of their development. Desiccation not only provides a mechanism for seeds to survive periods unfavorable for germination but is also a necessary step in redirecting metabolic pathways away from seed development and toward those for germination and growth (8) . Seeds of low moisture content, however, can be injured during the early stages of imbibition (17) . Imbibitional injury has been attributed to, at least in part, the disruption of cell membranes during the initial phase of rehydration and is characterized by a rapid loss of intracellular constituents (9, 13, 18) .
Chilling temperatures (17) and rapid imbibition rates (25) (17) or reducing imbibition rate (19) reduces or completely avoids imbibitional injury. The rapidity with which seeds are injured during imbibition suggests that the injury is sustained during the early wetting of seed tissue ( 17) .
Imbibitional processes and injury in soybeans have been correlated with transitions in states of bound water in seed tissue (24) . It has been hypothesized that sucrose, in the presence of raffinose, might serve as a substitute for water at low seed moistures (14) in the same way that trehalose does in certain animal systems (5) . Recent evidence indicates that transition temperatures and lamellar repeat spacings of dry phospholipid/sucrose mixtures are similar to those of hydrated phospholipids and that sucrose plus raffinose protect membrane vesicles from disruption by drying (4) .
In the present study we have measured germination and five parameters related to seed water as a function of initial moisture content in Phaseolus vulgaris L. seeds and describe how each reflects hydration and injury processes.
MATERIALS AND METHODS Seed Material
Phaseolus vulgaris L. seeds cvs 'Tendercrop' and 'Kinghorn Wax' (Rogers Bros. Seeds, Twin Falls, ID) with standard germination in excess of 90% were stored at 35% RH and 5°C until used. Seeds in all experiments were presorted by hand and excessively small, large, discolored and damaged seeds were discarded. Cotyledons were prepared by carefully peeling away the testa and removing the axis. All cotyledons used in imbibition and electrolyte leakage studies were ±25% of mean cotyledon weight within a given experiment.
Moisture Adjustment
Seed and cotyledon moisture contents were adjusted to desired levels in sealed, airtight containers over various hygrostatic compounds, saturated salt solutions (26, 27) 
Enthalpies of Hydration
The enthalpy of water binding was determined using a slight modification of the method described by Vertucci and Leopold (24) . Five cotyledons were brought to moisture equilibrium at 5 ± 1°C and 20 ± 1°C as described above. Water activities of equilibration atmospheres were measured with a model 911 Dew All Humidity Analyzer chilled mirror hygrometer (EG&G, Waltham, MA). Sorption isotherms of equilibration data were used to calculate BET model parameters (3) and the differential enthalpies of hydration according to a form of the Clausis-Calpeyron equation
where aw, is the water activity at T, (°K) that renders the same cotyledon moisture content as does aw, at T, and R is the gas constant. Data presented are the means of two experiments.
NMR Experiments
For proton experiments seeds were sectioned and placed in a 5 mm NMR tube. The tube was hydraulically inserted into a 20 mm variable frequency probe in the center of a superconducting magnet. The magnet was interfaced with a Bruker AM400 spectrometer with a proton frequency of400.13 MHz. Each collection used 2048 data points with a sweep width of 100,000 Hz. This minimized the acquisition time to 0.01 s and minimized the delay during Tl measurements. The 900 pulse of 22 ,us was used. T1 was measured using progressive saturation. Five dummy scans preceded each collection pulse. The delay between pulses was progressively reduced: 15, 3, 1, 0.6, 0.3, 0.1, and 0.0001 s. Each free induction decay consisted of a single collection. These were Fourier transformed after a line broadening of 2 Hz. The peak heights were fitted to the equation M(t) = Mo-Mo exp (-t/Tl) where M(t) is the peak intensity for the delay t, Mo is the maximum intensity after full relaxation, and Tl is the time constant of that recovery. T1 was calculated using a least squares fit of all the delays. No TI exceeded 1 s in these experiments. Thus, 15 s far exceeds 5 x T1, so these spectra are presumably fully relaxed. Addition of water confirmed that the major peak consists of the protons from H20.
For carbon experiments, 15 to 20 seeds were placed in a 20 mm NMR tube, entirely spanning the carbon receiver coil. The tube was placed in the magnet and the spectrometer tuned to 100.61 MHz. Two thousand data points were collected over a 50,000 Hz sweep width, using a pulse width of 35 
Imbibition Rates
Imbibition data are presented in Figure 2 . From 0 to 10 min imbibition rates were inversely proportional to initial moisture content (Fig. 2A) . After a short period, imbibition rates declined in such a way that a maximum appeared for each cultivar at approximately 0.33 g/g (Fig. 2B) . Later, a second maximum appeared at 0.06 to 0.07 g/g (Fig. 2C) . During the course ofimbibition, the maximum first appearing at 0.33 g/g gradually shifted to lower moisture levels as imbibition rates on the high moisture side of the peak slowly declined (cf Fig. 2, B and C) . The lower moisture maximum and the minimum between the two peaks, at 0.1 g/g for Kinghorn Wax (Fig. 3) . Differential enthalpies ofwater binding are plotted in Figure  4 . Enthalpy values determined for Phaseolus vularis cotyledons corresponded closely to those for soybean seed tissue (24) and to hydration of globular proteins (20) . The large negative enthalpy peak at 0.07 g/g (Fig. 4) has been interpreted to occur as the final charged sites having the highest affinity for water are filled during hydration (1) . Moisture contents at which primary binding sites for water are completely filled were approximately 0.9 and 0.1 1 g/g for Kinghorn Wax and Tendercrop, respectively. BET Vm values (3), determined by Pauling (16) as the point at which primary binding sites become saturated, were 0.07 g/g for both Tendercrop and Kinghorn Wax. Between 0.1 1 and 0.21 g/g water contents, enthalpy values were generally <-1 kcal/mol and are indicative of semibound water attracted to polar sites on macromolecular surfaces (20) . Above 0.21 g/g enthalpy values were close to zero. At these moisture levels water is considered to be loosely bound, covering nonpolar surface areas (20) .
NMR Experiments
The relaxation times of water protons increased sharply when seeds were hydrated from 0.03 to 0.05 g/g (Fig. 5) . As moisture content continued to increase above 0.05 g/g, T1 values decreased exponentially through the highest moisture levels attainable with humidified air (about 0.52 g/g). Representative '3C-NMR spectra at two seed moisture levels, 0.18 and 0.05 g/g, are presented in Figure 6 . The sugar signals in '3C-NMR spectra were more intense for the 0.18 g/g sample than they were for the 0.05 g/g sample while oil signals remained approximately constant at both moisture levels. Sugar to oil signal ratios are plotted as a function of initial moisture content in Figure 5 . Below 0.14 g/g ratio values were (0.5. As initial moisture content rose above 0.14 g/g ratio values increased rapidly until they plateaued at approximately 0.33 g/g. The sugar signals correspond to chemical shifts for aqueous solutions of sucrose, raffinose, and stachyose (6) . There were no differences in either 'H or '3C-NMR data between the cultivars. Traces in Figure 5 were obtained using 
DISCUSSION
Both cultivars exhibit a well defined breakpoint moisture level below which germinating seeds are injured during the course of imbibition (Fig. 1) . Above the breakpoint, germination is constant as moisture content changes. Below the breakpoint germination drops linearly as a function of decreasing moisture. Kinghorn Wax's resistance relative to Tendercrop's is exhibited by its having a lower critical moisture point. Temperature appears to determine the initial moisture level at which the injury is initiated. Identical values for the slopes of germination below the breakpoint suggest that the injury process, once initiated, is similar at both 5 and 20C.
Water is imbibed into a seed due to the difference in water (5) . The water replacement hypothesis holds that sugars substitute for water in the maintenance of membrane structure at low moisture content. The increase in T 1 has been interpreted to result from greater rotational and translational freedom of water molecules once they have been displaced (5) . A similar mechanism of desiccation tolerance has been suggested for seeds in which sucrose, in the presence of stachyose and/or raffinose, would act to replace water (14) and has recently been shown to be feasible (4). Ishida et al. ( 11) have reported an increase in T1 values at low moisture levels as soybean seeds dehydrate during maturation at moisture levels comparable to those we have detected in P. vulgaris cotyledons.
The free sugars in dry P. vulgaris seeds are sucrose, raffinose, and stachyose (12) . The sugar signals in the '3C-NMR spectra correspond to the chemical shifts of these three carbohydrates in aqueous solution (6) . Free water is first detected by NMR in soybean tissue at 0.14 g/g (21) , the same moisture content at which the intensity of the sugar peaks begins to increase (Fig. 5) 
